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' YIND-TUNNEL INVRSTIGATION OF EEAR UNDERSLUNG
TUBBLAGE, DUOTS

By K. R. D:nrneoki and ¥. J. Nelson
SUMMARY

A general investigation of cooling ducts located at
varlous positions on a model of a typical pursult-~alr-
plane has been conducted in the NAOA full—scale tunnel.
Results are given in the present report for a duct located
on the bottom of the fuselage with 1ts inlet bdehind the
lecding edge of the wing, This installation 1s deslgnated
a rear underslung fuselage duct.

Bocause of the thlck boundary layoers that exlsted at
the inlets of rear underslung fuselage ducts, serious
lossen in total pressure occurred ahead of the heat ex—
changer., In order to eliminate these losses, tests were
nede with special vane installatione designoed to avoid
boundary—layer separation and wlith ducts to bypass the
boundary layer away from the main cooling duct.

Good pressuro recoveries were obtained in the ducts
with the use of either the inlet gulde—vane 1nstallation
or tho boundary—layer bypass duct. Best efficiencles
were megsuraed, however, with installations that had vanes
in the diffuser and in the duct dutlet. The ratio of
duct inlet veloclity to the stream velocity was shown to
be the moet important parameter affecting the duct per—
formalnce; a value of this parameter of about 0.6 was
shown to be a good design value for the duct with or with-
out vanes and 0,35 was & -good value for the inastallatlon
with the boundary—layer bypass. At values somewhat boelow
0.6 and 0.35, separation ocourred ahead of the duct and,
at highor valuea. thero:was some tendency for tho duct
logsen’ to Iinerease, '’ T Let e b e




INTRQDUOT ION -

An 1nveltigation has been conduoted in the NAOA
full—scale tunnel of engine—charge—air and ocooling—ailr
duots located at several positions on the fuselage and
in the wing of a model of a pursult airplane. The re—
sults of the investigation relating to carburetor—air
ducte on the top of the fuselage and to cooling-air ducts
in the wing have been reported in references 1l and 2,

In the present report, results are given for teets of a
cooling duct installed on the bottom of the fuselage
wilth the inlet bBehind the leading edge of the wing. This
installation 18 designated a rear underslung fuselage
duct, .

The tests were directed toward the development of =a
duct having the following desirable characteristica:

(1) ilaximum conversion of the total pressure ashead
of the.duct to total pressure ahead of the heat exchanger

(2) Satisfactory regulation of air—flow guantity
over the range of ailrplane flight conditions

(3) Low duet drag, particularly in the high~speed
flight condition

(4) High oritical speed

A single baslc duct conflguratlon was teated with several
modifled inlets and outlets. In order to investigate
methods of preventing boundary—layer separation, vanes *.
were added in the diffuser and outlet sections of the
duct and a boundary—layer bypass duot was installed. The
rpsistance of an orifice plate simulating a heat exchang—
er vas varied over a wide range of values to represent
different types of cooler.

An investigation was mgde of the effects of inlet—
velocity ratlio and airplaie angle of attack on the duect
characteristics. In order to investigante the effects of
propeller slipstream on the flow into the duct, tests
weres made with the propeller removed and with the pro-—
peller operating at thrust coeffiocients sinulating high-
speed and climbing flight. COritical epeeds for the
various duct installations were estimated for different



rates of air flow through the duct inlet by means of
pressure—distribution measurements along the duct inlet
lips and the duct-fuunlage fillet.

SYIBOLS

0y, 11ft cosfficient
ACp inocrement of drag coefficient due to duot

AQDi caloulated Ilncrement of internal—drag coefficlent

AOp g inorement of drag coefficient due to external drag
(a0p — 40py)

Cm pitching-moment coefficient
To thrust coefficlent (T/pV,®D%)
AD increment ofldrag due to duoct

p/a, surface static—pressure coefficient

AP/qa pressure—drop coefficlent

)] etatic pressure (referenced to atmospheric pressure)
q dynamic pressure

Ap pressure drop across orifice plate

H total pressure (referenced to atmospheric pressure)
AH loss 1n total pressure

Q quantity rate of flow

Q/Vo air—flow parameter

_v,/v; inlet—velocity ratio

u lacal velocity

propeller thrust




¥/aD advence-diamgter ratio
n duot efficiency (QAp/ADY,) ~°

o angle of attack of thrust axis relative to free—
stream direction -

nropeller blade setting at 0,75 radius
propeller diameter

duot arsa

m > Y w

wing area

Bubsoripts denote average conditians:

] in free stream

1 in duect inlet

-] at front face of orifice plate

5 in outlet of main duct .
4 in outlet of boundary—layer bypass ducg

5 belov trailing edge of outlet gulde vane
APPARATUS AND TESYS

A description of the NACA full—scale tunnel and the
equipment used for the tests 18 given in reference 3. The
model 1s shown mounted in the test sectlon 1in figures 1
and 2, and a three—viev drawing is given in figure 3. The
model was equipped with a Curtiss~Wright controllable—
pltch propellor that was driven dy an eloctric motor. The
propeller had 614Ccl.5~24 blades, which were fitted with
the metal cuffs shown in figure 4.

The general arrangement and the principal dimensions
of the baslec duct installation and the modifications are
shown in figuree § and 6. The duct varied in cross sec—
tlon from a segment of a circle at the inlet tc a circle
at the orifice plate and to a crescent at the outlet. The




veriation of the diffuser oross—sectional area with dls—
-$ance from -the inlet 18.shown An figure 7. The three
vane arrangements teated were: .

(1) A horigontal and a vertical vane in the inlet
that divided the duet at the orifice plate into quadrants

(2) A horizontal outlet vadie that extended from the
pear face of the orifice plate almost .to the outlet. -

(3) A combination of the inlet and outlet vanes-.

For some of the teste with vanes, the duct inlet was ex-
tended forward 6 inches and reduced in area from 1,10
square feet to 0,91 eguare foot, Figures 8 and 9 are
photograchs of the duocts instelled on the model and dis—
assombled, Sectlione through the duct inlct lips on the
center linc of tho duct and through tho duct—fusclage
f11let at tho inlets are given in figurae 10,

For the tests 4in which the bypass was installed,
the upper surface of the duct was lowered 1% inchesa at
the inlet and the contour of the outlet section was
modified. The sectlions of the bypass duoct were rectangu—
lar at the inlet and approximately crescent shape above
the orifice plate; the area of the lnlet section was. ap—
proximately one—third the area above the orifice plate.

An aluminum orifice plate with holes 3/4—inch in
dilameter (fig. 9(a)) was used to represent the heat ex—
changers. In order to simulate different types of heat
exchanger, the pressure. drop across the resistance plate
was varled by plugging some of the holes in accordance
with the technlique of reference 4.

KMeasurements of total pressure and velocity distri—’
bution wvere made 1 foot ahead of' the duct inlet and at
several statlons within the duct and within the boundary—
layer bypass to determine the thickness of the boundary
layer, the duct losses, and the air—flow quantities,
S8tatic~pressure measurements on the duct inlet lip and on

the duct—fuselage fillet were made to estimate the criti-
cal speed. ) ) T

Tests with propeller operating to simulate high—speed
and climbing flight were made to determine the effects of
slipstream. The propeller blade angle at the 0.756 radius
By the advance—diameter ratio V/nD and the thrust coef-




ficlient To, which vers estimated for an alrplane

equipped with a 1600-horsepover engine, were caloulatod
to be 60°, 2.96, and 0.02, respoctively, at the high—
speed 11£t coeffioiont of 0.1. In the climbing condi-
tion at a 1ift ooefficient of O, 5. the caloulated valnes
of B, V/aD, and My were 40°, 1.22, and 0.l1ll, respec—
tively. The test alrspeeds were 63 miles per hour for
the high—speed condition and 45 miles per hour for tho
clinbding condition.

The effect of the various duct installations on the
drag, tho maximum 1ift, and the pitching moment of the
model was aacertalned by force tests, The drag of each
Guct installation was determined as the difference be—
tween the drag of the model without ducts (fig. 1) and
the Grag of the model with the various duct arrangements
installed. The drag tests wore made for values of the
1ift coefficlent from —-0.2 to 0.5 at s Hunnel alrspoocd
of 100 niles per hour. The effects of the ducts. on the
maximum l1ift and the pitching momente were dotermined
from tests at a tunnel airspeod of 63 miles per hour.

RESULTS AND DISCUSSION

The results of the tests are discussged in slx sectlons,
The first two sectlions treat the factors that affect the
pressures ahesd of and behind the heat exchanger. Insluded
in these sections aro discussions of the salr—flow charaoc—
terlstics, the duct configurations, and the heat—exchanger
characteristics, The pressures available for cooling, the
drag of tho ducting system, and the duct efficisency, which
are tho parameters for oxpressiag duct performance, are
discussed in the third and fourth ecctions. The effocts
of the various duct installations on maximum 1ift, pitch—
ing mozents, and critical speeds are disoussed in the
final scctions, .

Tactors Affecting Prossures ahead of Hoeat Exchanger

Valuos of tho total preeaure at the faco of the hoat
exchanger that are loss than the total prossurc of the
elr stream shead of the duct may bo attridbuted to losses
which occur ahead of the duct inlet ard in the duct dif—-
fuser, JTor the type of fuselage duct tested in this in-
vestligation, the boundary layer on the fuselage ahead of the
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duct has.been shown to be the most important fagtor de—
termining the 1ossen that occur ahpad .of the inlet and

_.An the diffuser.(referencé 1). The. boundary layer tends

to separate from the fuselage surface ahead.of the duct
inlet; this tendency is greatly increased' by the adverse
Pressure. gradient that .results from deceleration. of the

flow as, 1t approaches the duct inlet. 'The lower. the 'in-

let veloclty, the greater is the adverse. pressurp gradi—
ent and the stronger 1d the. ‘tendency. toward . separation.

As a corollary, the thicker and more depleted the boundary
layer,. the greater 18 the tendency toward separation under
8light adverse pressiure gradlents. The ‘primary problen

in obtaining high pressure recoveriss at the face of the

‘heat- exchanger. therefore becomes the control of the flow

to avoid boundary-layer separation or the provision of-a
way to prevent the boundary layer from disturding the
flow in the entire duct. Separation may usually be -
avoided by correct cholce of the duct. inlet valooity, al—

‘though gulde vanes or a boundary—layer bypass m

necessary for thick boundary 1ayers (reference 6

Aig_ilgx_inig_gngi - As previously discussed the
alr flow into a rear underslung fuselage duct 1is serious—
ly affected by the fuselage boundary layer ahead of the
duct. Ilieasurements of total and sbtatic pressures (fig.
11) showed that, for the propeller—removed conditilon at
a = 0.2°, the thickness of the -boundary layer was 1%
inches at the center line of the fuselage 1 foot ahsead
of the inlet of the rear underslung fuselage duoct- and
decreased approximetely 1/4 inch for each increase of 5
in angle of attack,

(o]

The eaparatibn-of the flow_at'the-duct inlet that-
results from the boundary layer 1s shown by the velocity
profiles of figure 13 for several values of V,/V,. A%

the low inlst—velocity ratios, the-separation is accom—
Panled by flow reversals that are indicated dy the nega—
tive values of velooity adjacent to the fuselage. The
existence of flow reversals was verified by tuft obaerva—
tione. The extent of the area of flow separation was
reduced as the value of the inlet—veloclty ratio was in—
croased and, at V,/Vo = 0.61, -the flow entered the duct
inlet smoothly. ' '
- . . - _,," - - R . '..\._._.. ._', .. . .
Increasing the angle of attack of the fuselage re—
sults in a similar improvement of the flow into the inlet.

‘A narrower reglon- of separation at angles of attack of




4,8° -and "10.,4° (f4z: 13) reéeuilts from the decrease in -
the boundary-layer thiokness (fig. 11) and from the
‘smaller adverse’ prasnure gradient inmediately ahead - of"
the duct inlet.

The depandonco of the flov separation at the duct
inlet oi the repistance of the heat exchanger was in—
vestigated by varylhg thé pressure drop across the re—
sistance plate Ap/qa from 4.0 to 46.5. The tests

were made with low inlet~veloclty ratios, and flow sepa—
ratlon and reverlals oocurred in all caees (fig. 14).

The elimination of separation ahead of the duct in—
let not only reduces ths losses bhefore the cooling air
enters the duct .inlet but alasoc enables ‘the duct diffuser
to operate-at a higher efficiency. The improvement 1in
the flow condition at the inlet which occurred when o
was inqreased from.0,2°% to 10.4° (£fig. 13), increased the
average total pressure at the face of the orifice plate
from 0,69q, to 0.84q, (fig. 16(a)), The average total

pressqre_of 0.69q, at the orifice plate for the low angle

of attack (a = 0.2°). is considerably lover than would be
calculated from the loases that occurred ahead of the
inlet — an indication that further flow breakdown and
energy dissipation cccurred in the diffuser.

. The effects of varying the inlet—velocity ratio on
the total pressure at the face of the orifige plate are
shown in figure 16 for tests with vanes installed in the
diffuser and with the propeller removed.,. A%t low angle
of attack, that 1s, at high—speed attitude, the pressure
- at the plate incremses with the value of ¥ 1/Vo and a

maxinum is indiocated above the higheat ftest condition,
T,/Vy = 0.61. At the high angles of attack, o = 4.8°

end 10.4°, the maximunm pressure recovery 1is realized at
lower values of T'/To and the losses in total pressure,

which ooour partioularly at low values of V,/V,, are

much smaller then for angies of attack less. than 4.8°,
Beyond an inlet—velocity ratio of 0,60, the total pres—
sures at the plate below the horizontdl vane began to
deorease owing to inoreansed skin-—frioction losses.

_ The &aba obtained with different pressure drops
aeross the orifice plate (figa. 16 and 17) show that the
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.. Presgure,recovery is highest for the plates with the’

greatest .resistance; the rate of Indrease of pressure - - -
recovery with 1noreal1ng 71/70, hovever, - is -about the
same 1n all cases,

Qgidg vanes.— In order to decrease the losses 1n thé

diffuser that result from the flow dreakdown which oc—
curred with partly peparated .inlet flows, several gulde—
vane installetions were investigated. The installation
of vanes on the horizontal and the vertical center ‘lines
of the duct diffuser (fig. 5) increased the average total
pressure at the face of the orifice plate O, 09q at

@ = 0.2° and 0.04q, abt o = 10.4° (fig; 18(3))s... Vatn

thie arrangement, the separated ‘flow was confined -to the
half of the diffuser above the horigontal vane and the
total pressure below the vane averaged about 0.95q_° for

all angles of attack. Above the vane, however, the total
pressurse at the Plate varied with angle of attack from
about 0.61q, at a = 0. 3° to 0. ‘8lgq, at @ = 10.4°,

The same sffect is shown by the results of other teata in
flgure 18.. .

‘Bacguse the atatle pressures dehind the upper and
the lower halves of the orifice plate are about the same,
the high total pressure in the lower Half of the plate
causedl a large fraction of the alr to flow through this
area, This phenomenon had been observed -previously in
tests of duets with inlet vanes and a method of over—
coming this difficulty was developed (reference 5).

Yanes were added in the duot outlet to restriot the
flow of air -through the lower half of the duct and to
divert it through the upper half adjacent to the fuselage.
The nart of the flow that passed through the upper hal?f
of the duct for various outlet—vane arrangements is shown
in figure 19. The flovw may be evenly divided in.the 4Aif-
fuser by ogrrect outlet—vane location, as in test 3.

The attainment of larger flovs through the upper
than through the lower half of the diffuser results in
increased total pressures at the face of the heat ex—
changer (fig, 20 For duot installations with inlet
and outlet vanes, tha total pressure at low angles of.ab—
tack was "about 13 percent higher than for the duct with—
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out vanes and about 8 percent higher than for the duct
with only inlet vanew. V¥ith ornly an outlet vais, the
flow in the upper and in the lower halves of the duct
could be regulated (test 7, fig. 19); however, the total
pressure at the face of the radiator was only 0.03q°
higher than for the duct without vanes,

Yhen the inlet—veloclty ratio is low - for example,
when '7,/T, ranges from 0.35 to 0.40 and when extensive

flow separation occurs at the duct inlet — full correp—
tion of the duct flow by means of the ocutlet vane may
require conasiderable detall investigation, .An example of
the effeqt of incorrect outlet—vane setting on the divi-
8lon of ‘the flow in a duct of this type is shown in test
6 (f1g. 19). Reducing the inlet area and increasing the
inlet—velocity ratio from 0.41 to 0.60 (test 6, fig. 19)
provided s much more uniform flow. 4 method of calcula—
ting outlet—vane locations is outlined in reference 5.

Boundary—laver bypass.— As an aglternate method of
eliminating the pressure loeses &ue to boundary-layer
separation, a separate duct was provided for bypassing
the fuselaze boundary layer arocund the heat exchanger
(fig. 6). With this arrangement, the air entered the
cooling duct inlet at free—stream total pressure and the
flow reversals usually observed at low inlet velocities
did not occur. Because the difficulties with the flow
through the inlet were eliminated and no initial boundary
layer existed on the upper surface of the duct, the -duot
diffuser performed efficlently and total pressures ds
high as 0.,97q, were measured at the face of the orifice

plate (figs., 31 and 22). The total—-pressure recoveries
were dependent both on the location of the nose of the
dividing vane and on the divislon of flow between the
bypass and the main duct {tadble I).

T’he highest pregsures were obtained with the nose
of the dividing vane slightly behind the duct inlet .
(tests 10 to 13, figs. 21 and 22 and table I), although
good results were also obtained with the nose of the vane
in the plane of the inlat (tests 8 and 9, flg. 21 and
table I). ‘When the vane was extended 4 inches ghead of
the duct entrance, the.average total pressures.at the
Plate desoreased about 0.06q, (tests 3 and 5, fig.-31 and
table I) although the same flow through the boundary—
layer bypass was maintained.

. |
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" 4 value of Q/¥o, = 0.08 in the secondary passage

‘was: sufficlent to-remove the boundary layer oomgletely

at V,/V, = 0,3 for the entire duct entrance (teit: 10,

£ig.: 21(6.) and table I). It appears likely that a -
smailor bypass flow mey have sufficed inasmuch as H;/q,

=.0.95 was meadured in test '8 {table 1) with Q/Von 0.03

for ‘the Ddypass.

) Ezgngllg;_gng;ﬁj;gg - Thq effeotn of the propeller

Elipstream on the fuselage boundary—layer profiles and .on
the inlet velocity distributions are shown in figurea.
11(b), 23, and 24, At Ty = 0,3, propeller operation

had a negligible effect both on the boundary—layer charac—

 teristics (fi1g, 11(1b)) and on the inlet velocity distri-
“-bution (fig. 23). Operation of the propeller in the-

- olinbing condition at Mg = 0,11, however, inoreased the
) thiokness of the boundary 1ayer about 3/8 inch (fig. 11(b)).

dg g result of the increased total pressure in the

" slipstream, the average total pressures at the face of

the orifice plate inoreased both in the high—speod and in
the climbing conditions, as shown in figure 36 for the

‘arrangement with vanes in the diffuser., In the climbing

condltion and with flaps installed on the duct outlet,
the increases in total .pressure -due-to propeller opera—
tlon were about 0,30q, and average total preesures at

‘the orifice plate of about l.lﬁq; vere measured at inlet—

velocity ratios ranging from 0.60 to 0,90. Below these
values of 7V /V,, the pressures at the plate were lower

because of inlet losses, Average total pressures as
high as '1,30q, wers measured at the seotion of the plate

below, the .horizontel guide vane (figs. 26(c) and 26(d)).
Average total pressures of this magnitude may be obtalned
over the entire radiator by the 1nstallation of ‘& boundmnr—
layer ‘by:pnss. )

In simulated climd, the propeller slipstream reduced
the symmetry of the pressuyre patterns - at the face of ‘the
orifice plate mbove the horizontal vane (figa. 26( o) and
36(d)). " S1ightly Yower pressures were measured on the
right—hand than on the left—hand side of the plate owing
to asymmet:ieal slipstream effects. .
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Factors Affecting Pressures behind Heat Bxchanger

The total pressure at the duct outlet 1is dependent
upon the total—-pressure losses that oaccur aheéad of the
duct inlet, the losses that occur within the diffuser,
and the pressure drop that results from the alr flow
through tho heat oxchanger. The outlet static pressure-
is g function of the external static pressurs near tho
outlet and of the shape of the outlet section of the
duct. The external static pressure in the region of the
outlet opening 1s determined by outlet—flap deflection,

. angle of attack of the model, and propeller—operating
condltions,

The shape of the outlet section of the duct affects
the outlet static pressure through its influence on tke
contraction of the exhausting air-estream and through 1its
effect on the angle at which the air is discharged into
the main stream., If the outlet section 1is too short and
the angle of convergence too high, the jJet of air leaving
the duwot continues to contract in cross section and %o -
increase in velocity focr some distance downstream and the
static pressure does not redach a value equal to that of
the-free stream until some distance behind the outlet
opening. If the flow is discharged at an angle to the
external stream, an .effective thigkening of the body oc—
curs behing the outlet opening., The magnitude of this
thickening 1is dependent uvpon the angle—~of-flow discharge
with reference to the external. stream and upon the total
pressure at the outlet. As a result of this effective
thickening of the body, the velocity of the external
stream over this part of the body 1increases and the ex—
ternal static pressure correspondingly decreases.

Outlet configurgtion.— The outlet openings tested

(fig. 5) wore representative of present design practice.
The larger exits B and C were formed from exit A by pro—
gressively cutting back the lower surface of the duct at
the outlet. DBecause no modifications were made in the
contours of the upper surface of the outlet sectlon, this
cutting back of the lower surface caused the flow to dis-—
charge from outlet C at a greater angle relative to the
external stream than from outlets A or B,

The results of the tests show that an approximately
linear relationship exists between the total and the
static pressure at the outlet (figs. 27 to 29)., When no
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Ut 1WY LTuye” vere' instalkied.~.the. atatipn, preqsures at the

outlet opening were always posltive and increased linear—
1y wl&h the outlet tbtal pressures. The rate of change
of outlet static pressure with outlat total yre!sure was

- greatest for the ‘largést exit 0.

A compariaon of the curves of Iigures a7 to 29
shows that the vanes and the ‘doundary—-layer bypass also
affect the outlet statie pressures because of thelr in--
fluence on the characteristicas of the flow in the outlet
sectlon of the duect. No rule for the predliction of any
of these effects could be established, however, because
of the many varlables involved,

An example of .the effect of the flow through the
boundary—layer bypass on the veloclty distribution at
the duct mtlet 1s.shown in figure 30. At the top of the
duct exlt, there 18 a reglon of low vaeloclty that re—
sulted from the bypass flow which 1is depleted in total

ressure., As the flow through the bypass is decreased
fig. 30) or as the angle of attack of the model is in—
creased (fig, 31), this area of low velocity becomes
emaller and finally disappears. Figure 32, which shows
typical veloclty dletributions observed in most cases,
is included for comparison, The alr quantities computed
from the outlet velocity distributions are given in fig—
ures 33 end 34 and in table I.

With the installation of outlet flaps set at 48°
the 8tatlic pressures at the outlet openings .were de—
creased. to about —0. 30q,; for outlet B and to —0,30q, for

outlet 0 and the dependency of the statlic pressure upon
the outlet total pressure was practically eliminated
(£1g. 27). 1In figure 33, it 1s shown that the installa—
tion of a flap on outlet B increased the flow through

the duct by 0.30 2% at Ap/q = 10.9, by 0.16 3 at
Vo 2 Yo
4p/q_ = 19.6, but by only o‘oaﬂ- at 4p/q, = 46.5. 4

sample 'of -the velooity distribution at the duct outlet
with flaps inatalled is given in figure 35,

Rzgnjlljx_gngzajign.— Operation of the propeller in
the high~speed condition had little effect on the average
outlet static preasure (fig, 27) and on the air—flecw gquan—
tity (fig. 33). In the climbing condition, with flaps
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installed on outlet B, propeller oparnbipn decreased; the
average outlet atatic pressure by 0.10q, (£ig. 27) and

increased the flow through the duct by Q/V, = 0.09

(approx,) at pressure—dirocp coefficients of -10.9 and 19,6.
Typical velocity distridutions odtained at outlet B with
the nropeller operating are .shown for the high—speed con—
dition in figure 36 and for the climbing condition 1n
figure 37. .

Pressures Avallable £op Cooling

The pressure avallable for cooling 1s defined as the
difference between the total pressure at the face of the
heat exchanger H, and the static pressure at the duct

outlet p, and may be expressed nondimensionally as
: Py - .
s _
alr—flow characteristics on theee quantities have deen
discussed in previous sections and the resulting cooling

Pressures are presented in figurea 38 and &9, and in
tatle I, :

» The effeot of changes in duct configuration and

Increases in pressure avallable for cooling were ob—
tained by lncreasing the pressure drop across the oriflce
plate either by varying the resistance of the plate or by
.verying the air flow through the duct (fig. 38). At a
pressure—~drop coefficlent 10,8, average cooling pressures
of 1.0lq, at an angle of attack of 0,2° and 1.llq, at an

angle of attack of 10.4° were measured for the duct with
vanes in the diffuser and with flaps installed on outlet B,
The pressures avallable for cooling inecreased in all in-
stences with the angle of attack of the model.

In figzure 39 1s shown the increase ln average pres—
sure availadble for cooling, which resulted from the higher
fobal pressure obtained at the face of the oriflce plate
by the installation of guilde vanes in the diffuser., The
addition of an outlet vane to the duct with outlet B had
no effect (fig. 39) because the small increase in total
pressure shead of the plate (fig, 20) wvas compensated for
by & corresponding increasse in the outlet statia pressure.
¥ith the outlet area reduced from 0,91 to 0,50 square
foot (outlet B to oulet 4A), however. the addition of en
outlet vane  increased the cooling Dreseures dy about
0.06q, (figs. 38 and 39).
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The highest pressures avallables for cooling were ob—
toined for the duct with -the boundary—layer bypass. At
inlet—veldolty rafiés’ of "about-0,33, cooling pressures as
high as O, saqo were measured for some of -the best bypass

arrangenents (table I) as compared with the highest value
of O, 59q obtained for the high—speed. condition by the

use of guide vanes (fig. 39). , At an inlet~velocity ratio
of about 0,50, the presaures available for coolling de—
creased slightly and were approximately equal to those
measured for the arrangement with guide vanes, When the
total pressure at the face of the orifice plate decreased,
the cooling pressure aleo decreased and, for the case in
which there was no flow through the bypass and the total
pressure at the orifice plate was O, 71q, (test 2, tabls I),

the mensured cooling pressure waa only 0 v48q,.

Operating the propeller increassed the pressures avall-—
able for cooling about 0.02q, to 0.06q, in the high—speed

condition and about 0.40q, in the climbing condition with

outlet flaps installed (fig. 38), ¥For the arrangement
wlth vanes in tho diffuser, maximum pressures avallable
for cooling that ranged from 1l.42q, to 1,651q, were neas—

ured in tle climbing condition and were indicative of very
good outlet—flap effoectiveness.

Drag and Duct Efficliency

Zotal drag due to duct installabtion.— A summary of
the total drag of the various installetions investigated
is presented in figure 40 and .in tadles I and II, ‘The
ircroment of drag due to the duct system ACp 1s the

difference between the drag of the model without the duct
and the drag of the model with the various duct arrange—
ments installed, The drag due to thse intornal and the
external flow are inocluded in this increment.,

4% Ap/qa = 10,9,. at Q/Vo = 0.51, _and at Of = 0.1,

the lncroement of total duct drag without vanes or boundary-
layor bynass was 0,0020, This value was not matoerially
changzed by the installation of inlet vanes (table II),

With bDoth the inlet and the outlet vanes, the drag incre—
ment was 0,0016 at Q/Vo = 0,64 and 0,0012 at Q/Vo=0.37.

Tiese values were the lowest total—~dragz coefficlents meas—

urod for any of the duct installations, With vanes 1in
the diffuser, increasing the air~flow quantity or the pree—
sure—drop coefficlent increased the increment of total
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Those values were the lowest total—drag coeffliolents meas—
ured for -any of the duct installations. Wlth vanes in the
diffuser, increasing the air—flow guantity or the pressure-
drop coefficlent inoreased the: inorement of total dra .
(fiz, 40), TFor the .range of values of Ap/q' and Q77°

tested, the increment of total—drag coefficient varied
from 0.0018 at 4p/q, = 10.9 and Q/V, = 0.30 to

0,0024 at 4p/q, = 19.6 and Q/V, = 0.49. The drag of

the installation with the boundary-layer bypass generally
exceeded that of the optimum vane arrangement dy from 17
to 33 percent at Q/Ve = 0.36 (approx.) and by from 26 to
56 percent at Q/Vo = 0.56 (tables I and II),

Duct internal-—drag coefficient.— In addition to the

total drag, figure 40 and tables I and II show the incre—
ment of internal—drag coefficlent calculated from the

expression .
AO =33_(M
Di ® BV, / Ho -

wvhich was derived from the mohentum loss of an incompres—
8ible fluid flowing through the system. At A;p/q_B = 10,9,

at Q/V, = 0,51, and at Cr =-0,1, the internal-drag

coeffiocient was 0,0009 for the duct without vanes or bdy—
pass (table II)., The addition of vanes ia the diffuser
alone increased the internal-drag coefficlent to 0.0011,
but the addition of inlet and outlet vanes together orx
the addition of an outlet vane alone decreased the coef—
ficient to about 0,0008, although the flow was also de—
creasod by the addition of the outlet vane alondg. When
tho flow for the fully vanod installation was decreased
to Q/Vo = 0.37, the increment of internal—drag coeffi—
client was roduced to 0,0002. An inorease in the alr—
flow quantity or in the pressure—drop coefficient rapldly
inoreased the internal—drag coefficlent (fig. 40).

Duct external—drag coefficieni~— The duct external—
drag coefflcient, which is equal to the difference be—
tween the total— and the internsal—drag coefficlents, was
0.0011 for the installation without vanes and varied be—
tween 0,0008 and 0.0010 for the duct with the various
vane arrangements at .Ap/qa = 10,9 and at Q/To = 0.50
(approx.) (table II), With vanes in the diffuser, the
externpl—drag coefficient varied from 0,0019 with the
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inlet and the outlet sealed to 0.00056 at Ap/q, = 19.86
and 10.9 and Q/V, = 0.49 and 0.59, respectively,’

" (£1g. 40)Y. The high external drag measured. with small.

alr quantitles i1s attributed to flow separation at the
duct~fuselage fillet. The additlon of a bypass to the
installation without vanes resulted in external-drag
coefflclents that were 0.0004 to 0.0010 higher than
those obtalned for the vaned installations at the same
values of AP/qa and QfTo (tablea I and II). Tufts

indicated that the flow at the .duct fuselage fillet with
the bypass lnstalled generally was not smooth.

Duct efficiency.~ The duct efficlency 1s defined as
the ratio of useful power expended in forcing air through
the orifice plate to the total power required to over-
come the drag Gue to the ducti that 1is,

n = AP

ADV,

In accordance with this definition, only the air flowing
through the reslstance plate was considered to do any
useful work for the tests with the boundary—iayer dypasno
installed. .

For Apf/q, = 10.9 and Q/Vo = 0.51, the duct ef-

ficlency of the lnstallation without veanes or bypass was
0.42 (tadle II). Owing to the poor flou distribution de—
tweon the upper and lower sections of the duct, the use
of" inlet vanes alone decreased the duct efficlency to
0.33. The use of both inlet and outlet vanes, however,
inoreased the efficlency to about 0.65 with both the
orlginal and the modified inlets. These efficlenciles
were the highest megsured for any of the duot arrange—
ments, The relatively low duct efficlency of 0,28 obd—
tained for the fully vaned duct at V,/V, = 0.34 was

the result of high external drag (table II), which usual-
ly occurs with low air flows (fig. 40)..

For the duct with the vanss in the diffuser, the
duoct efficiency increased rapidly as either the air—flovw
quantity or the pressure—drop coefficient was increased;
the lowest duct efficiency was about 0.10 for 4&p/q,
= 10,9 and Q/¥o » 0.30 and the highest were 0.56 ahad

0.57 at Ap/q_, = 19.6 and 10,9 and Q/7, = 0.49 and
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0,69, respectively, (fig. 41). The efficlency of the duoct
with the boundary—layer hypass ranged from 0,06 to 0,09
at Q/Vo = 0.35 (approx.) and from 0.09 to 0.13 at Q/V,

= 0,556 (table I)., It 48 believed that higher efficien—
cles can be attalined while high' preasure recoveries are
8till maintained by simultaneounsly decreasing the inlet
area of the doundary-—layer dypass and the air—~flow quan—
tity instead of by restricting the flow through the bynass
alone,

Haximum Lift and Pitching Momonts

The installatlion of the duct system had no effect on
the maximum 1i1ft but inoreased the negetive slope of the
pltching-moment curve. An analysis of the results of
figure 42 indlontes that the increments of piltching-moment
coefficlent due to the duct are greater than can be esti-
mated from the drag of the duet alone.

Critical Speed

3y the method of reference 6, the critical speeds of
the duct inlet wore estimated from pressure—distribution
measuromonts on the surface of the irnlet lip and the duot-
fuselege fillet at a tunnel airspoed of 63 miles per hour.
The maximum negative pressures were extrapolated to higher
ljach numbers as in figure 43, and the coritical speeds werse.
found from the intersection of the extrapolated pressure.
ocurves wilth the éurve of Hach nunber for the local speed
of sound.,

At the high—speed angle of attack of 0.2°, the high—
est critical Mach numbers calculated for the duct inlet
1ip and for the dupt—fueselage fillet vere 0.56 and 0,49,
respectively; these values correspond to sea—leval criti-
cal speeds of 420 and 374 miles per hour., These critical
speeds were undesiradly low and indlcated that modifica—
tions in the shape of the inlet 1llp and the fillet were
desirable, Ae shown 1in reference 1, these modiflcations
should include jinocreases in the camber and the thicknesas
of the inlet lip and the duct—fuselage fillet to provide
e more uniform pressure distribution.

The critioal speeds of the duet inlet decreased with
the inlet~velocity ratio, The reductions in critical
speed are 1indicated in figures 44 and 45 by the increased
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maximum negative preéssures at the lov values of LPVAPT

- Fox-the duct—fuselage fillet, the peak negative pressurs
inoreased from —~1,78q, to —3.34q, for a variation in the

-1nlé#—velo¢1ty ratlio from 0,53 to 0,37; this rasult corre—
-apondd. to a dscresasd in oritical Hach number from O, 49 to
0.44,

The pressure disiributions varied with changes in
angle of attaock of the modeél {figs. 46 to 48); reductions
in peak nogative pressures of 0.56qqy to 0.80q, on the

inlet lip and of 0,36q, to 0.80q, on the duct—fuselagse

fi1llet were measurad when the angle of attnck was increased
from 0,2° t0°10.4°, These reductions in peak negative__
pressures with increases in angle of attack are attridbuted
prinecipally to the fact that the duct inlet is located

on $4H8 lower surface of the wing., 48 the angle of attack
of the airplane is inocreased, the static pressure beneath
the wing 18 inoreased and, for the same mass flow of alr
through the duct inlet, the air enters the duot at a
higher veloclty relative to the flow in the region of the
Quot inlet. The angles of attack of the ianlet lip and of
the duct—fuselage fillet, which are determined by the
inlet—velooclty ratio (referencs 1), are decreased and the
induced velocitles over the surfacee are redunced. At an
inlet—velocity ratio of 0,40, an increase in the angle

of attack from 0,2° to 10,4° increased the sea—level
oritiocal speed of the duot—fuselage flllet from 3B0 to

374 miles per hour and the oritical speed of the inlet:

lip from 412 to 496 miles per hour,

Operatlion of the propeller 'in the high—speed condi-
tion had little effect on the inlet—lip pressures dut
inoreased the negative pressures at the fillet about 0.,40q,

at an inlet velocity ratio of 0,36 and 0.30q, at an inlet—
velocity ratio of 0,44 (fig. 49). As in the propeller—

removed tests, separation was present at the Guct—fuselage
fillet at low inlet—valocity ratios (fig. 650).

SUMHARY OF RESULTS

T’he results of the general investigation of rear
underslung fuselage duocts reported herein are summarized
as follows:
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1. The ratio of the duct inlet veldcity to the strean
veloclity was the most important parameter affecting the
rerformnance of rear undersliung fuselage ducts, An inlet-—
veloclty ratio of about 0.6 was found to be a good desiga
value for such an installation with or without vanes and
a value of 0.85 was permissible for the duet with the
boundary—layer bypass.

‘2. Because of the thickness of the boundary layer at
the inlet of rear underslung fuselage ducts, serious
losses in total pressure ahead of the heat exchanger oc—
curred when no vanes nor boundary—layer bypass was used.

3. Lowest drags and highest duct efficiencies in
combination with good pressure recoveiries shead of the
heat exchanger were measured for the rear underslung fuse—
lage duct with both inlet and outlet vanes, The use of
either inlet or outlet vanes alone did not greatly improve
the over—all duct performance, ~

4, Best total pressure recoveries, but generally
higher drag and lower duct efficiencies, were msasured
for the duct arrangement with the boundary—layer dypass.

5. Propeller operation increased the total pressures
at the face of the heat exchanger. In the high—speed
condition (at a thrust coefficient T, of 0,02), the in—
creases in total pressure ahead of the heat exchaangor
were small; whereas, in the climbing condition (at Te
= 0,11), average increases of about 0.30q, (where 4, is

the free—stream dynamic pressurs) wverc measured,

6. The static pressures at the duct outlet were
positive for the installations without outlet flaps. The
addition of outlet flaps reduced itke static pressures to
as low as —0.30g, with the propeller removed and to as

low as ~O.40qo with the propeller operating in the climb—

ing condition,

7. The positive values of the outlet static pres—
sures wercs reduced by discharging the cooling air paral—
lel to the exbternal strcam and by decreasing the angle
of convergence of the outlet section cf the duct.

8. Owing to the insufficient anount of camber and
thickness at the duct—fuselage fillet and at the inlet
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lip, the critical speed of the duct installation was undesirably
‘loWw. The véelue of the criticel speed increased with increases in
the inlet-velocity ratio and in the angle of attack of the model.

L-138

Langley Memorial Asyconautical Lﬁboratory,
Nationel Advisory Committee for Aeronautics,
Langley Fisld, Va.

REFERENCES

1. Nelson, W. J., and Czarnecki, K. R.: Wind-Tunnel Investigation
of Carburetor-Air Inlets. NACA ARR, Feb. 19k2.

2. Nelson, W. J., and Czarnecki, K. R.: Wind-Tunnel Investigation
of Wing Ducts on a Single-Engine Pursuit Airplans.
NACA ARR No. 3J13, 19h43.

3. DeFrance, Smith J.: The N.A.C.A. ¥ull-Scale Wind Tunnel.
NACA Rep. No. 459, 1933.

4. Czarnecki, K. R.: Pressure-Drop Characteristics of Orifice
Plates Used to Simulate Radiators. NACA ARR, March 19hz.

1

. Katzoff, S.: The Design of Cooling Ducts with Special Reference
to the Boundary Layer at the Inlet. NACA ACR, Dec. 1940.

6. von KérmAn, Th.: Compressibility Effects in Aerodynamics.
Jour. Aerc. Sci., vol. 8, no. 9, July 1941, pp. 337-356.




TABLE I

SUMMARY OF DATA FOR DUCT
INSTALLATION WITH BOUNDARY-IAYER BYPASS
[Nominal pressure-drop coefficient = 10,

Q/ Vo Increment of drag coeffilcient
§ Configuration o« [Entire CoolingEVﬂvo Hp He-P3 at Or = 0.1 "
o set-up jduct srelt-ﬁg 4o do | QCp A_Cni ACDQ
1 0.2 -— - -~ [0.71 - - — - -
gl - | - - |19 -] - -- -- --
0.2f 0.27} 0.27] 0.25] .71} 0. 48| - 0.0006 - -
2 va| 30l 30| .27l .77 53] -- - - —
0.2]| 0.35| 0.25| 0.32{0.88} 0.62] - 0.0002 - -—
3 vgl .36 .23] .33] .89 .63] -- - — -
0.2{ 0.34] 0.23{ 0.35[0.89{ 0.62 - 0.0002 — -
i
A=O.96 Sq ft .
“ 0.2| 0.35) 0.25{ 0.32]0.90} 0,59} 0.0016 | 0.0001 0.0015 | 0.06
5 = b8 .36 .23 -%3 .9 51 - - - 2 . |
10,4 .36 .22 331 .9 .65 - - -— -
A=1.10 sq £t ‘ 7
| i 0.2 0.35| o0O.27|{ 0.32}0.95}| 0,68} 0.,0014% | 0.0002 0.0012 0.09-'
u‘uS '37 .25 .3“‘ .97 068 - - - -
” 0.2 | 0.34| 0.29] 0.33]0.87} 0.59 -— 0.0002 - -
7 | . —> 4'8 '35 ‘29 034 092 069 — —— - -
A=0.39 sq £t~

g2
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TABIE I (Continued)
@ Configuration o Entiiévgoolin%VI/vo Ho |Hp-p Incremegg 8; 2r:g]°°efﬁcieht n
& g set-up|duct ggiﬂg dg ‘a;"l ACp ZSCDi Z&Cgﬂ'
=0 y £%
o Flush
&l 0.210.35 ] 0.32 {0.33 {0.93] 0.63 - 0.,0002 - -
ézl.lo sq £t outlet o | *e8| 36 .30 | .3k | .95 66| .- - - ==
A=0. Tt
Z_.f/ush / 0.2] 0,36 | 0,27 }0.%2 [0.95] 0.65 - 0.0001 - -
9 4.8 037 026 .33 .95 069 - - - b
o ZSH%%ééiééﬁé:fEféggffp( 0.2 0.36 | 0.28 10,31 {0.96| 0.68] 0.0016 0.0601 o.o¢15 0.10
L8| .37 .25 32 | W97 J69)  -- - s -
11’/ = 0.2]0.55 | 0.32 }0.50 {0.97| 0.59| 0.0020 0.0008 0.0012 | ==
= 1> n8! 56| .30 | 51 .96 63| -- - - -
Qutlet B o
Pz'éﬁgzzéfé:féférfésgiiféi 0.2| 0,56 | 0.38 |0.51 |0.97| 0.64 0.0025 ! 0,0007 0.0018 [0.13
| — : o
=0.33 dq ft| %8| .55 1 .35 | .50 | 97| .63 -- 1 = -~ |-
: 0.2} -- - -~ 10.9%| --| 0,0023 ? - -- -
1 .
L3 7 A bLg| -- - -— | 95 -- - L - - -
A=0.23 8q ft -
v / 0.210.,52 1 0.37 {0.47 {0.89| 0.58| 0.0022 0.0009 0,001% |0.13
i » L.g1 .51 .32 A6 | .87 .56 - - - -
A=0.33 8q £t
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FOR_VARIOUS GUIDE-VANE ARRANGEM

TABLE IT
SUMMARY OF DRA& DATA

ENTS
[Nominal pressure-drop coefficient = 10.9]

AMr-flow Inlet- Increment of drag coefflcient,
= 0, Duoct
% Configuration parameter, v;igi:t?y o : efficiency,
B 0 V1 /v, ACp A0py ACp, n
A=1.10 eq E/t
1 |keocasi" 0.51 0.46 0.0020 0. 0009 0.0011 0,42
Outlet B
A7 A2 .0021 .0011 .0010 .33
.53 Ag -- . 0007 - -
54 49 . 0016 . 0008 . 0008 .65
5 |4~ .37 J34 .0012 . 0002 .0010 .28
Sl .60 .0016 . 0007 . 0009 .66
'49 'L"5 - .OOOS - -

¥e
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1.- Model in basic condition as mounted in the NACA full-scale tunnel.
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Figure 3.- General arrangement of model.
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AREA BYPASS INLET=0.26 SQ FT

28— l—zo —-’ - 262 : - 253
— N \. M
INLET BYPASS DUCT OUTLET I BYPASS DUCT OUTLETS IL AND IT BYPASS DUCT QUTLETS IZ AND Y
AREA =110 5Q F1 AREA =0.42 SQ FT AREAT - 0.23 56 FT

AREA TV = 0.47 SQ FT
AREATI=033 SG FT AREA & =.0.56 SQ FT
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Area of duct cross section, sq ft
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Pigure 7.~ Variation of diffuser cross-sectional
area witn distance from inlet.
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(a) As installed on model.

(b) Outlet C.
Figure 8.- General and

(c) Original inlet.

detail views of rear underslung fuselage duct.
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(c) Outlet A.

Figure 9.

Typical details

(b) Inlet seal.

(d) Flap on outiet C.

duct installation.
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R +Y
S,
x
(parallel to
tube 1 ship center
Nne
Station Ordin&te, Y, in.
X, A B ¢
18. | ypper|Lower Upper Lower| Upper| Lower
0 0.37 r0.46 | 0,37 | =-0.80 0.37 | =0.55
gg25 ° 5 -.61 .’-I-O "‘1 08 037 "079
.50 .48 -072 .""2 E 032 "095
.75 | .50 |=.8 i -1. 7 .26 |-1,08
1.00 .50 -093 olu'l' "'1 61 020 -1021
1.25 | .50 +1.01 | 45 [-1,72] .14 |-1.34
1.50 | .50 r1.09 A5 1-1.81 .OZ -1.45
1.75 | .50 +1.16| 44 |-1.90 . -1.55
2,00 | .50 rl.2 4 1 -1,95/ .01 |-1,64
2.50 50 "103 -2.04 -.10 -1082
3.00 .50 bloq'} -2.12 -018 -1098
3050 "1051 "'2.18 -025 -2.12
4.00 "'1057 -2023 -|32 -2.2
4050 ~1,62 -2.29 “e 7 -2,
5000 '71066 "2.35 “e 3 -20 3
6,00 ~1l.71 -2,42 =.51 | =2.59
7.00 -1075 "2.52 -058 -2.71
8.00 -1020 "2.21 e -2029
9.00 "1. 2 ""2. 9 -070 "2. 7
10,00 -1, a4 -2-7&] e 7‘lL =2 9)"'
12.00 "1084 -2.91 -3004
14,00 -1,82 -3.05 -3,11
16,00 1,80 | -3.21 -3.14
LTS B L L
9, deg| 20 : 30 —_—

(See figure 5 for position of sections)

A. Original inletdip.

Be Original left fillet.

C.

Modified iniet.lip.

Figure 10.- Sections through inlet lips
on center line of duct and
through duct-fuselage fillet.
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